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ABSTRACT
Critically shortened telomeres can be subjected to DNA repair events that generate end-to-end
chromosome fusions. The resulting dicentric chromosomes can enter breakage–fusion–bridge cycles,
thereby impeding elucidation of the structures of the initial fusion events and a mechanistic understanding
of their genesis. Current models for the molecular basis of fusion of critically shortened, uncapped telomeres
rely on PCR assays that typically capture fusion breakpoints created by direct ligation of chromosome ends.
Here we use independent approaches that rely on distinctive features of Caenorhabditis elegans to study the
frequency of direct end-to-end chromosome fusion in telomerase mutants: (1) holocentric chromosomes
that allow for genetic isolation of stable end-to-end fusions and (2) unique subtelomeric sequences that allow
for thorough PCR analysis of samples of genomic DNA harboring multiple end-to-end fusions. Surprisingly,
only a minority of end-to-end fusion events resulted from direct end joining with no additional genome
rearrangements. We also demonstrate that deficiency for the C. elegans Ku DNA repair heterodimer does not
affect telomere length or cause synthetic effects in the absence of telomerase.
THE natural ends of eukaryotic linear chromosomespresent a special challenge for genome integrity:
they must be protected from exonucleolytic degradation
and must avoid repair by pathways that respond to DNA
double-strand breaks. Furthermore, terminal DNA se-
quences shortenprogressivelyduetothe inabilityofDNA
polymerases to replicate the ends of chromosomes and
due to processing events that generate 39 overhangs at
chromosome termini (Watson 1972; Olovnikov 1973;
Lansdorp 2005). Protection of chromosome ends is pro-
vided by telomeres: DNA-protein complexes typically
consisting of short, guanine-rich tandem DNA repeats
(TTAGGG in humans) and specific proteins that bind
telomeric DNA to promote the integrity and proper
function of telomeres (de Lange 2005). Telomere
shortening is offset by telomerase, which adds telomeric
DNA repeats to chromosome ends using an RNA tem-
plate and the telomerase reverse transcriptase (Greider
and Blackburn 1985, 1987). When cells are deficient for
telomerase, their telomeres shorten progressively and
eventually become dysfunctional, which can lead to end-
to-end chromosome fusion and genomic instability
(Harley et al. 1990; Hastie et al. 1990). In addition to
telomere length, telomere structure is an important
factor in capping, as perturbing telomere binding pro-
teins by altering the telomeric DNA sequence or by
expressing dominant-negative telomere binding pro-
teins can lead to end-to-end fusion of telomeres of
normal length (McEachern and Blackburn 1995;
Kirk et al. 1997; Prescott and Blackburn 1997; Van
Steensel et al. 1998; Ferreira and Cooper 2001;
Underwood et al. 2004; Miller et al. 2005; Pardo and
Marcand 2005).
Given that nonhomologous end joining (NHEJ)
ligates DNA sequences that lack homology, this DNA
repair pathway may mediate the fusion of uncapped
telomeres. Cytological studies have revealed that while a
core component of the canonical NHEJ machinery is
required to fuse acutely uncapped telomeres of normal
lengths, disruption of NHEJ does not significantly impair
fusion of critically shortened, uncapped telomeres
(Smogorzewska et al. 2002; Maser et al. 2007). Other
studies have relied on PCR to capture transient fusion
events that arise as a consequence of telomere erosion
and have revealed DNA sequences for some end-to-end
fusion breakpoints (Hackett et al. 2001; Hemann et al.
2001; Mieczkowski et al. 2003; Heacock et al. 2004;
Cheung et al. 2006; Capper et al. 2007). These PCR-
based studies indicated that NHEJ or microhomology-
mediated end joining (MMEJ) are the major pathways
that fuse uncapped telomeres. However, PCR of geno-
mic template DNA containing end-to-end fusions can
bias the fusion events that are recovered. For example,
due to limits of product size and molecular structures
that are amenable to PCR, large insertions or inverted
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repeats may have been missed in such assays. In addition,
fusion breakpoints that involve exonucleolytic attack of
subtelomeric DNA beyond the PCR primer target sites
would be missed. Furthermore, PCR primers used in
end-to-end fusion experiments typically target only a
subset of chromosome ends. Although PCR-based assays
have revealed that end-to-end fusion can occur as a con-
sequence of direct ligation of uncapped chromosome
ends, the frequency of direct ligation events in compar-
ison to the full spectrum of telomeric fusion breakpoint
structures has not been quantified in any system.
Mutation of trt-1, the Caenorhabditis elegans telomerase
reverse transcriptase, results in telomere shortening over
successive generations, end-to-end chromosome fusions,
and progressive sterility (Cheung et al. 2006; Meier et al.
2006). Here, we address the frequency of direct fusion
events that arise in trt-1 mutants. This frequency can be
quantified in a relatively unbiased manner in C. elegans,
because its chromosomes are holocentric and thus end-
to-end chromosome fusions can be genetically isolated
and maintained as stable lines. Our analysis of an unbi-
ased sample of fusion events suggests that direct ligation
may not be the primary mechanism of repair of critically
shortened uncapped telomeres. We also investigated
whether one of the core componentsof NHEJ contributes
to telomere length homeostasis: the Ku heterodimer, an
NHEJ component whose functions in telomere biology
are well studied, if somewhat plastic and controversial
(Fisher and Zakian 2005; Riha et al. 2006; Slijepcevic
2006).
MATERIALS AND METHODS
Strains: All experiments were carried out at 20 under
standard culture conditions. The following strains were used
in this study: Bristol N2 wild type, bli-3(e767) I, trt-1(ok410) I, unc-
29(e193) I, unc-54(r293) I, sqt-2(sc3) II, unc-52(e444) II, mrt-
2(e2663) III, lig-4(tm750) III, lig-4(ok416) III, cku-80(tm1203) III,
cku-80(ok861) III, cku-70(tm1524) III, pot-1(tm1620) III, unc-
45(e286) III, unc-64(e246) III, dpy-9(e12) IV, unc-17(e245) dpy-
20(e1282) IV, unc-60(e723) V, unc-51(e369) V, unc-1(e719) X, and
unc-3(e151) X. Double mutants for trt-1 with cku-80, cku-70, and
lig-4 were constructed by crossing NHEJ mutant males with trt-
1, unc-29 and selecting for Unc F2 whose F3 embryos all dis-
played an egg radiation sensitive phenotype characteristic of
NHEJ mutants (i.e., slow growth, vulval defects, and movement
defects upon irradiation of late-stage embryos) (Clejan et al.
2006).
Isolation of end-to-end chromosome fusions: trt-1(ok410),
unc-29 or trt-1(ok410), unc-29; lig-4(tm750) strains were propa-
gated for multiple generations until brood size had dropped as
a consequence of end-to-end fusions. Hermaphrodites from
these strains were crossed with wild-type males, and non-Unc F1
L4 hermaphrodites were singled (i.e., transferred to fresh
plates, one hermaphrodite per plate). At larval stage L4,
hermaphrodites are virgins and singling them ensured that
all progeny were self-progeny. F1 that gave rise to a dominant
high incidence of males (Him) phenotype in the F2 revealed
the presence of an X-autosome fusion (Ahmed and Hodgkin
2000). F2 males from Him F1 were crossed with unc-1 or unc-3
hermaphrodites to map the X-linked fusion breakpoint to the
left or right end of the X chromosome. For each fusion, a total
of three outcrosses with unc-1 or unc-3 were performed before
strains homozygous for X-autosome fusions were isolated. The
unc-29-linked trt-1 mutation was removed during these
outcrosses.
Complementation and linkage analysis of fusion break-
points: To determine which autosome ends were involved in
the end-to-end chromosome fusions, complementation and
linkage analyses were performed. For complementation,
fusion strain hermaphrodites were crossed with wild-type
males. The resulting male progeny, all carrying an X-autosome
fusion, were crossed with a hermaphrodite from a different
fusion strain. Four F1 hermaphrodites were singled and the F2
progeny were scored for the dominant Him phenotype. A Him
phenotype indicated complementation and the presence of
X-autosome fusions with different breakpoint orientations,
whereas a non-Him phenotype indicated that the fusions
belonged to the same complementation group. For linkage
analysis, the following genetic marker strains were used: bli-3 I,
unc-54 I, sqt-2 II, unc-52 II, unc-45 III, unc-64 III, dpy-9 IV, unc-17
dpy-20 IV, unc-60 V, unc-51 V, unc-1 X, and unc-3 X. Males carrying
an X-autosome fusion were crossed with genetic marker
hermaphrodites, F1 hermaphrodites were singled, 20 F2 prog-
eny that appeared wild type for the genetic marker mutation
were singled, and F3 progeny were scored for the segregation of
the marker phenotype and the dominant Him phenotype,
which is tightly linked to each fusion breakpoint. Strains homo-
zygous for a fusion would be non-Him and the lack of marker
siblings would indicate linkage. Confirmation that non-Him F2
progeny were homozygous for a fusion was obtained by crossing
such strains with wild-type males and scoring for the Him
phenotype in F1 cross progeny.
Molecular analysis of fusion breakpoints: Genomic DNA
was prepared using a Puregene DNA isolation kit (Gentra). For
each fusion strain, all 12 chromosome ends were checked for
terminal deletion by PCR using the following subtelomeric



























PCR assay to detect end-to-end chromosome fusions in
late-generation strains deficient for telomerase: Genomic
template DNA from strains harboring end-to-end fusions were
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used in PCR reactions targeting chromosome ends in pairwise
combinations to detect fusion between various pairs of
chromosome ends. Optimal PCR conditions were determined
by testing primers in pairs that targeted one chromosome end,
and primers giving strong, reproducible results were selected
to target pairs of chromosome ends.
Telomere-length analysis and physical analysis of fusion
breakpoint: For telomere-length analysis, DNA was digested
with HinFI and separated on a 0.6% agarose gel at 1.5 V/cm.
Southern blotting was carried out with a digoxigenin-dUTP-
labeled probe following the manufacturer’s instructions
(Roche). The probe was made by PCR using primers Tel2
and T7long to amplify telomeric repeats from the plasmid
cTel55X, as described (Ahmed and Hodgkin 2000). For
analysis of fusion breakpoints, DNA was digested with the
indicated enzymes and separated on a 0.6% agarose gel at
3.5 V/cm. Digoxigenin-dUTP-labeled probes for Southern blot-
ting were made using N2 wild-type genomic DNA late and the
following primers:
ypT27
XR probe: TTGTCAATCTAACCGAACTTATGC, ATGGCGTC
ACACTTTTCAGG
VL probe: CACTGTGCCATATGGATTCG, TAGCTCTTTTCG
AGGCATGG
ypT21
XR probe: TTGATTGAGTAAGGGCTATTTGG, CTGGAAAAA
TGTGGCAAAGC
IVR probe: TTGCACGGGAAATTTTTATTG, GCACTTCCTT
GTAATGCAACC.
RESULTS
Telomere length in NHEJ mutants: In yeast and
plants, the Ku heterodimer is required to maintain telo-
meres of normal length (Boulton and Jackson 1996a,b;
Baumann and Cech 2000; Riha et al. 2002; Carter et al.
2007). Conflicting data exist in mammals regarding the
involvement of Ku in telomere-length regulation; how-
ever, spontaneous chromosome fusions are observed con-
sistently in mouse Ku mutants (though not in yeast,
plants, or chickens) (Bailey et al. 1999; Difilippantonio
et al. 2000; Samper et al. 2000; d’Adda di Fagagna et al.
2001; Gilley et al. 2001; Goytisolo et al. 2001; Maser
et al. 2007). To address the role of the Ku heterodimer at
telomeres in C. elegans, strains harboring deletions in cku-
70(tm1524), cku-80(tm1203 or ok861), or lig-4(ok416 or
tm750), each of which confers a strong NHEJ double-
strand break (DSB) repair defect (Clejan et al. 2006),
were outcrossed multiple times vs. wild type. Homozy-
gous mutant lines were established and then examined
for chromosome fusions or changes in telomere length.
Propagation of these strains for 30 generations did not
result in sterility, as occurs for telomerase mutants, or in
modest drops in brood size (data not shown). Further-
more, the NHEJ mutants failed to exhibit even low levels
of dominant Him or embryonic lethal phenotypes in-
dicative of chromosome missegregation, which occurs
during meiosis when chromosome fusions are heterozy-
gous (data not shown) (Herman et al. 1982). To assess
telomere length, genomic DNA was isolated from cku-70,
cku-80, or lig-4 mutant strains and subjected to Southern
analysis with a C. elegans (TTAGGC)n telomere repeat
probe. For each allele, multiple independently out-
crossed homozygous mutant lines were examined. Telo-
mere length for cku-70, cku-80, and lig-4 mutants was
similar to that of wild type, with telomeres ranging from
2 to 7 kb (Figure 1A and data not shown). While one or
two telomeres of cku-80(tm1203) mutant strains appear
longer than those of wild type, this modest effect was not
observed for an independent null allele of cku-80(ok861)
(Figure 1A). Further, telomere length varies among wild-
type strains and fluctuates within a single wild-type strain,
increasing or decreasing over successive generations
(data not shown) (Ahmed and Hodgkin 2000; Ahmed
et al. 2001). In contrast, pot-1(tm1620) is an example of a
mutation that elicits a significant increase in telomere
length by generation F8 (Figure 1A). Thus, mutation of C.
elegans NHEJ proteins does not affect telomere length or
result in spontaneous end-to-end fusions.
Impact of Ku on telomere shortening in telomerase
mutants: Mutation of Ku in a telomerase deficient
background results in synthetic lethality or rapid telo-
mere shortening in yeast and plants, respectively.
(Nugent et al. 1998; Baumann and Cech 2000; Riha
and Shippen 2003; Heacock et al. 2004). In mice,
disruption of Ku alone causes sterility (Barnes et al.
1998; Vogel et al. 1999; Samper et al. 2000), therefore
synthetic effects of Ku with telomerase were examined
in cells derived from mouse strains that had been
homozygous for telomerase deficiency for one or more
generations but had been homozygous for Ku deficiency
for only a single generation; no synthetic phenotype
was observed (Espejel et al. 2002). To test whether there
is a functional interaction of telomerase with NHEJ
components in C. elegans, we constructed double mu-
tants defective for trt-1, the telomerase reverse transcrip-
tase, and deletion alleles of three NHEJ components
that correspond to Ku70, Ku80, or DNA ligase IV. Upon
propagation, trt-1; cku-70, trt-1; cku-80, or trt-1; lig-4
double mutants reached sterility at similar generations
as trt-1 alone, where the median generation at sterility
was 17, 18, 21, and 18, respectively (Figure 1B, arrows).
Consistent with these observations, Southern analysis
using a telomeric probe revealed that deficiency for cku-
80 or lig-4 did not affect the rate of telomere shortening
in a trt-1 background (Figure 1C and data not shown).
Rates of telomere shortening were 106 6 27 bp/
generation for trt-1, 119 6 15 bp/generation for trt-1;
cku-80, and 117 6 46 bp/generation for trt-1; lig-4 (n¼ 2
strains each), which were not significantly different from
one another (P . 0.5 in all cases). Thus, mutation of Ku
or DNA ligase IV does not cause synthetic effects in the
absence of telomerase in C. elegans.
Isolation of end-to-end chromosome fusions: Molec-
ular analysis of unstable end-to-end fusions from yeast,
plants, C. elegans, mice, and humans has typically relied
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upon PCR reactions that utilize primers adjacent to
chromosome ends to amplify fusions from genomic tem-
plate DNA that contains unknown quantities of end-
to-end fusions (Hackett et al. 2001; Hemann et al. 2001;
Mieczkowski et al. 2003; Heacock et al. 2004; Cheung
et al. 2006; Capper et al. 2007). Although these studies
address pathways that process dysfunctional telomeres,
the approaches used are biased to recover direct fusions,
likely mediated by NHEJ or MMEJ. To test whether di-
rect ligation was the major repair event at critically short-
ened telomeres, 19 X-autosome end-to-end fusions were
isolated genetically from independent strains that were
homozygous for the telomerase reverse transcriptase
deletion mutation trt-1(ok410) (Meier et al. 2006). Given
that dysfunctional telomeres may be substrates of canon-
ical NHEJ, an additional 19 X-autosome end-to-end
fusions were isolated from trt-1(ok410); lig-4 double mutant
strains that were deficient for the LIG-4 ATP-dependent
ligase that is vital for NHEJ-mediated double-strand
break repair in C. elegans (Clejan et al. 2006; Robert
and Bessereau 2007). The trt-1 telomerase mutation was
separated from each of the 38 fusions that were isolated,
and each end-to-end fusion was outcrossed three times
vs. a genetic background with wild-type telomeres. All iso-
lated chromosome fusions were homozygous viable, indi-
cating that chromosome fusion in the context of
telomerase deficiency typically occurs prior to resection
and disruption of essential genes near uncapped chro-
mosome ends (data not shown). Note that nonessential
genes are predicted to occur within 5 kb of the telomere
repeat array at every chromosome end, such that many
predicted genes were deleted at some fusion breakpoints.
As a preliminary step toward molecular analysis of the
fusion breakpoints, linkage analysis was performed. The
breakpoints of each end-to-end fusion were mapped to
an end of the X chromosome and to an end of an auto-
some using genetic marker mutations (Figure 2A). Com-
plementation tests confirmed the fusion breakpoint map
positions, where nondisjunction was not observed for
transheterozygotes carrying end-to-end fusions with the
same X and autosome fusion breakpoints (data not
shown). At least one fusion event was recovered for all
12 chromosome ends (Figure 2A).
Terminal deletion analysis: Genomic DNA was pre-
pared from each fusion strain and PCR was performed
targeting subtelomeric DNA within 1 kb of telomeric tracts
Figure 1.—Telomere-length homeostasis in C. elegans NHEJ mutants. (A) Telomere length of cku-80 mutant strains. Genomic
DNA was isolated from strains that were homozygous for their given mutations for eight generations. (B) Time to sterility for trt-1
single and trt-1; NHEJ double mutant strains. Arrows indicate median. (C) Telomere erosion in trt-1 single and trt-1; cku-80 double
mutant strains.
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at every chromosome end. If a primer pair generated a
PCR product using template genomic DNA from N2 wild-
type but not from a fusion strain, then the targeted region
may have been deleted in the fusion strain. Deletions
occurred only at chromosome ends that involved a fusion
breakpoint (Tables 1 and 2), confirming that outcrossing
of each end-to-end fusion had successfully eliminated
most unlinkedtelomeric aberrations that might have been
segregating in the telomerase-deficient backgrounds.
Breakpoints of those fusions harboring terminal dele-
tions were mapped at 1-kb resolution and then at 5-kb
resolution for chromosome ends with .5 kb of subtelo-
meric DNA deleted. In the example in Figure 2B, between
2 and 3 kb of subtelomeric DNA was deleted in the fusion
strain, as products were generated for primer pairs 1 and
2, but not for primer pairs 3–5. Once an intact region of
DNA was found, additional primers were utilized to map
the deletion breakpoint at 500-bp resolution.
Both ends of chromosome IV presented difficulty with
precise terminal deletion analysis. The subtelomeric se-
quence abutting the right end of chromosome IV (IVR)
has a tract of DNA composed of 49 copies of a 25-bp direct
repeat (Wicky et al. 1996), which makes it difficult to PCR
through (M. Lowden, unpublished data). Thus, terminal
deletion analysis at IVR relied on primers upstream of the
subtelomeric repeats, 1.4 kb from the start of the
telomere repeat DNA. The subtelomeric repeats were
deleted at one of six IVR fusion breakpoints (Table 2).
Abutting IVL is a 23.5-kb inverted repeat (Wilson 1999).
While the spacer between the two copies of the inverted
Figure 2.—Characterization of outcrossed end-to-end chromosome fusions. (A) Fusion breakpoints of 38 X-autosome end-
to-end chromosome fusions, as determined by linkage analysis. Different chromosomes are depicted as rectangles in various colors
with green squares representing telomeres at every chromosome end. Genetic names of each independent fusion are to the right
of their fusion orientation. End-to-end fusions that were amenable to PCR are indicated in boldface type and underlined.
Although the fusion breakpoint of ypT23 was spanned by PCR, it involved a small inversion event and therefore was not a direct
fusion breakpoint. (Figure 3B) (B) Terminal deletion analysis to map fusion breakpoints molecularly. PCR results are shown for
one chromosome end involved in a fusion. Arrows indicate primers. In this example, one fusion strain was tested for terminal
deletion at XR with primers targeting 5 kb of subtelomeric DNA. N2, wild type control; f, X-autosome fusion strain. (C) Distri-
bution of extent of telomere deletion at chromosome ends. (D) Frequency of fusion breakpoint configurations. Observed fre-
quencies (%), expected frequencies (Exp), and P-values are shown.
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repeat was intact for two of three IVL fusion breakpoints,
this structure limited further terminal deletion analysis.
On the basis of terminal deletion analysis, three types
of fusion breakpoints occurred: telomere–telomere
(3%), telomere–subtelomere (44%), and subtelomere–
subtelomere (53%). Telomere–telomere fusions were
infrequent, on the basis of the hypothesis that the three
configurations were equally likely to occur (P , 2 3
105) (Figure 2D). Excluding seven IVL or IVR fusion
breakpoints for which no deletion could be detected,
27/69 chromosome ends that had been involved in a
fusion event contained telomere repeats. Of 47 chro-
mosome ends with subtelomeric DNA deletions, exclud-
ing ypT40 where the fusion breakpoint could have
occurred at two possible sites, 14 were ,1 kb, 17 were
1–5 kb, and 16 were 9–105 kb (Figure 2C).
All fusion strains containing terminal deletions ap-
peared wild type when homozygous, consistent with the
observation that, with one exception, no known genes
with visible or lethal phenotypes were disrupted by the
terminal deletions (http://www.wormbase.org). The ex-
ception is ypT41, which carries a 27.6-kb deletion at IIL
that removes sqt-2 (SQuaT), which encodes a collagen
protein (Kusch and Edgar 1986). The two alleles of sqt-2
that have been characterized, sc3 and sc108, each carry a
missense mutation that results in C. elegans mutants with
TABLE 1
Terminal deletions at X-autosome fusion breakpoints
spanned by PCR
Deletion (bp)








a On the basis of BLAST analysis of the fusion breakpoint
sequence, the autosomal deletion breakpoint for ypT40
occurred at one of two possible sites within an rDNA repeat
on chromosome IR (Wicky et al. 1996).
TABLE 2
Terminal deletions at X-autosome fusion breakpoints
Strain Origin X deletion (kb) Autosome deletion (kb)
ypT29 trt-1(ok410) XR 0.0a IL 0.0
ypT22 trt-1(ok410) XR 104.7–105.3 IIL 1.1–1.3
ypT24 trt-1(ok410) XR 0.0 IIL 13.2–13.4
ypT25 trt-1(ok410) XR 11.0–11.4 IIL 0.0–0.4
ypT16 trt-1(e2727) XL 0.0 IIR 4.0–4.5
ypT3 trt-1(e2727) XL 0.0 IIR 3.6–8.3
ypT17 trt-1(ok410) XL 0.0 IIR 0.0–2.1 kb
ypT32 trt-1(ok410); lig-4 XL 0.0 IIR 10.7–11.1
ypT33 trt-1(ok410); lig-4 XL 0.0 IIR 0.0–2.1 kb
ypT42 trt-1(ok410); lig-4 XR 0.2–0.5 IIR 8.3–8.8
ypT43 trt-1(ok410); lig-4 XR 0.2–0.5 IIR 10.7–11.1
ypT52 trt-1(ok410); lig-4 XR 20.4–20.9 IIR 0.0
ypT20 trt-1(ok410) XL 0.0 IIIL 0.6–5.6
ypT4 trt-1(ok410) XL 0.0 IIIL 0.9–1.2
ypT34 trt-1(ok410); lig-4 XL 0.0–0.3 IIIR 0.0
ypT18 trt-1(ok410) XL 0.0–0.3 IVL 0.0
ypT26 trt-1(ok410) XR 10.4–11.0 IVL .47.6
ypT45 trt-1(ok410); lig-4 XR 30.7–31.0 IVL 0.0
ypT35 trt-1(ok410); lig-4 XL 0.0 IVR 0.0
ypT36 trt-1(ok410); lig-4 XL 0.0 IVR 0.0
ypT37 trt-1(ok410); lig-4 XL 0.0 IVR 0.0
ypT38 trt-1(ok410); lig-4 XL 0.0 IVR 0.0
ypT21 trt-1(ok410) XR 0.8 IVR 0.0
ypT31 trt-1(ok410) XR 23.9–30.7 IVR 1.4–1.8
ypT7 trt-1(e2727) XR 4.2–4.4 VL 0.0
ypT27 trt-1(ok410) XR 0.0 VL 4.2–4.4
ypT30 trt-1(ok410) XR 36.1–36.7 VL 0.0
ypT46 trt-1(ok410); lig-4 XR 42.7–43.2 VL 1.3–1.7
ypT50 trt-1(ok410); lig-4 XR 0.1 VL 0.0
ypT48 trt-1(ok410); lig-4 XR 0.0 VR 0.8–2.7
ypT49 trt-1(ok410); lig-4 XR 2.7–3.0 VR 0.8–1.0
a 0.0 indicates that subtelomeric DNA sequence was intact.
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short fat bodies that are helically twisted so that they roll
when they move (Kusch and Edgar 1986). For all C.
elegans collagen mutants characterized, a defect in body
morphology is caused by point mutations in collagen
genes, but no phenotype occurs for null mutations. Thus,
it is not surprising that ypT41 has no visible phenotype,
despite harboring a deletion of sqt-2.
PCR of mapped fusion breakpoints: After refining
the locations of the deletion breakpoints of end-to-end
fusions to within 500 bp, primers facing each fused
chromosome end were utilized to amplify fusion break-
points. At least two sets of validated primers were tested
for each fusion breakpoint. For fusions involving IVR,
the two IVR primers used were as follows: one upstream
of the subtelomeric repeats (which may have worked if
the subtelomeric repeats were deleted) and one over-
lapping the subtelomeric and telomeric repeats (which
may have worked if IVR subtelomeric DNA were intact).
No products were amplified for the IVR fusions. Fusions
involving IVL were not tested. On the basis of PCR anal-
ysis, it is unclear whether the fusions of IVR or IVL were
direct. For the remaining 29 fusions whose breakpoints
had been clearly mapped, 7 yielded PCR products that
spanned the fusion breakpoint (Figure 2A, boldface type,
underlined, and ypT23). For each fusion breakpoint
that was amenable to PCR, terminal deletions occurred
at both chromosome ends (Table 1). The lack of
telomere repeats at direct fusion breakpoints suggests
that telomere repeat DNA or telomere binding proteins
may repress end joining in C. elegans, as supported by
in vitro studies of the mammalian telomere binding
proteins RAP1 and TRF2 (Bae and Baumann 2007).
Sequence analysis demonstrated that all but one of
the fusion breakpoints amplified by PCR were simple
direct ligations (Table 3 and Figure 3B). For ypT2 and
ypT28, isolated from trt-1, there was no homology be-
tween the X chromosome and the autosome at the fusion
breakpoint, suggesting that these fusions may have been
mediated by canonical NHEJ (Lieber 1999). Of four
end-to-end fusions isolated in the absence of lig-4, three
(ypT40, ypT41, and ytT47) displayed microhomology at
the fusion breakpoints, consistent with observations
that MMEJ is a significant end-joining pathway in the
absence of the canonical NHEJ machinery (Moore and
Haber 1996; Feldmann et al. 2000; Ma et al. 2003; Yu
and Gabriel 2003; Heacock et al. 2004). The fourth trt-
1; lig-4 fusion breakpoint, ypT44, lacked microhomology
and occurred in the context of a 4.2-kb inverted repeat
normally present at IIR, which is flanked by two seg-
ments of short tandem DNA repeats, whose repeat
sequence is identical (Figure 3A). The IIR breakpoint
occurs within one set of tandem repeats such that the
entire inverted repeat is lost and only approximately four
tandem repeats remain. In yeast and mammalian cells,
TABLE 3
Fusion breakpoints defined in this study
Strain Origin Fusion sequence
ypT2 trt-1(ok410) XR ACGAGCTTTAtcactaggta
Breakpoint ACGAGCTTTACATTCACACA
IIL ttcccacaacCATTCACACA
ypT28 trt-1(ok410) XR GTTTCAAATCcatggaagcc
Breakpoint GTTTCAAATCATTCAGTTGT
VL atgaggtaatATTCAGTTGT
Not isolateda trt-1(ok410).a generation F10 IIR TTTGTCAAAAatccaatttc
Breakpoint TTTGTCAAAAGTACCGACGA
VL tcatgtctctGTACCGACGA
ypT44 trt-1(ok410; lig-4 XR GTATATTTTTtcagtacatg
Breakpoint GTATATTTTTCCCAGCTTCA
IIR gatacagaacCCCAGCTTCA
ypT40 trt-1(ok410); lig-4 XR CATTTTGCTAattttttaaa
Breakpoint CATTTTGCTACCTTGTTACG
IR cctacaGCTACCTTGTTACG
ypT41 trt-1(ok410); lig-4 XR ACCCAAGCTTtgccacattt
Breakpoint ACCCAAGCTTCATGTTGGAA
IIL tttgacaCTTCATGTTGGAA
ypT47 trt-1(ok410); lig-4 XR GTGCACGGAGtcgagaaacc
Breakpoint GTGCACGGAGGTTTTTAAAG
VR tttacaGGAGGTTTTTAAAG
Strains carrying outcrossed homozygous X-autosome fusions are indicated as yp strains. Sequence present at
breakpoints is in uppercase, deleted sequence is in lowercase, and microhomology is underlined and in bold-
face type.
a Non-outcrossed fusion recovered by PCR using template genomic DNA from a telomerase mutant harbor-
ing end-to-end chromosome fusions.
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direct and inverted repeats cause genomic instability
and are hotspots for mitotic recombination between
chromosomes, which can lead to almost complete del-
etion of the inverted repeat (Lobachev et al. 1998;
Waldman et al. 1999; Lobachev et al. 2000). Analo-
gously, the site of the ypT44 fusion breakpoint may
reflect an unusual MMEJ- and lig-4-independent mech-
anism of DSB repair. Finally, the fusion breakpoint of
ypT23, which had occurred in a strain containing wild-
type lig-4, had a 410-bp inversion that occurred precisely
at its XR fusion breakpoint (Figure 3B). The inversion is
flanked on either side by 1 bp of microhomology, sug-
gestive of MMEJ, though the mechanism by which this
inversion occurred is unclear.
In summary, despite careful genetic and molecular
mapping of 29 fusion breakpoints, only 7 were ampli-
fied, 6 of which were direct ligations and one of which
contained a small inversion. Thus, our results indicate
that direct ligation may not be the major pathway for the
genesis of end-to-end fusions that occur as a conse-
quence of telomere attrition.
PCR of unmapped fusion breakpoints: To confirm
our observations that the frequency of direct fusion was
low, we utilized an approach similar to previous PCR-
based studies performed in other organisms. Genomic
template DNA from mid- to late-generation C. elegans
telomere replication mutant strains that had accumu-
lated end-to-end fusions was analyzed using a PCR-based
strategy that examines almost all possible permutations
that could result from end-to-end fusion of C. elegans
chromosomes. The haploid number of chromosomes in
C. elegans is six. Although some regions of subtelomeric
DNA are repeated at internal genomic sites, the sub-
telomeric sequences at each chromosome end differ
from one another and possess unique primer targets
(http://www.wormbase.org, Wicky et al. 1996). Fifty
pairwise combinations of subtelomeric primers were uti-
lized to encompass every possible fusion event between
different chromosomes, excluding IVR (see above). To
test whether PCR could amplify fusion breakpoints from
late-generation telomere replication defective strains
that may have accumulated multiple fusions, controls
were performed with pooled genomic DNA from wild-
type and from six isolated X-autosome fusion strains
where direct ligation of chromosome ends had occurred
(Figure 2) (such that DNA from each fusion strain was
diluted 1:9). Under these conditions of nonhomoge-
neous template genomic DNA, mapped fusion break-
points were amplified successfully and robustly (data not
shown). Additional controls were performed to test
primers targeting 11 chromosome ends (excluding IVR),
individually and in pairs, to ensure that all the primers
worked effectively and specifically under the same re-
action conditions. Once appropriate primers and con-
ditions were selected, the following telomere replication
mutants were analyzed for fusion breakpoints: trt-1
and mrt-2 single mutants, and four double mutants: trt-
1; mrt-2, trt-1; cku-80(ok861), trt-1; lig-4(ok416), and trt-1;
Figure 3.—Fusion break-
point structures of two di-
rect fusions. (A) The
drawing depicts the fusion
breakpoint for ypT44 where
sequencing revealed several
subtelomeric direct repeats
(yellow) remain intact. Be-
low, the structure of in-
verted repeats and direct
repeats at wild-type IIR, as
well as the position of the
fusion breakpoint for
ypT44, are shown. (B) An
inversion at the fusion
breakpoint of ypT23 is
shown. A 3-bp deletion oc-
curred at the inversion, de-
noted by a dots above the
breakpoint sequence. Bold-
face type and underlining
indicate microhomology at
the breakpoints.
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lig-4(tm750) (n ¼ 28 mid- to late-generation telomere
replication defective strains). mrt-2 encodes a subunit of
the 9-1-1 DNA damage response complex that is re-
quired for telomerase activity in vivo (Ahmed and
Hodgkin 2000; Meier et al. 2006). Strains were sub-
jected to a population bottleneck of six individuals every
two generations and passaged until every animal con-
tained multiple fusions, some of which might have
shared a common ancestry prior to preparation of
genomic DNA for PCR analysis. In an exhaustive attempt
to amplify fusion breakpoints, each chromosome end was
targeted by one primer within 2 kb of the telomeric tract,
which mimics other PCR-based end-to-end fusion assays
where primers are usually targeted within 1 kb of telomere
repeat tracts. A total of 50 primer pairs were tested on 28
telomere replication mutant strains. Although weak bands
were occasionally observed, none were reproducible, and
no fusion breakpoints were amplified (Figure 4A).
In agreement with our poor success at amplifying
unmapped fusion breakpoints, deletions of 2 kb typi-
cally occurred at one or both chromosome ends for ge-
netically isolated end-to-end fusions where direct ligation
had occurred (Table 1). In addition, most of the isolated
X-autosome fusion strains harbored fusion events in-
volving chromosomes II and V (Figure 2A). Accordingly,
PCR reactions using template DNA from each of the
individual mid- to late-generation telomere replication
strains were performed using 24 primer pairs 1–5 kb
Figure 4.—PCR amplification of end-to-end fusions from mid- to late-generation telomerase deficient strains. PCR products
were analyzed by separation on an ethidium bromide-stained agarose gel. Three primer pairs were utilized on 16 strains, including
the wild-type control, as indicated. M, 1-kb ladder (Invitrogen). (A) PCR targeting IIR and VL. All of the PCR reactions containing
genomic DNA from telomerase-deficient strains displayed nonspecific, weak bands, or smears. (B) PCR targeting IIL and VL. Ar-
rowheads indicate PCR products for one strain, trt-1(ok410).a, for all three primer pairs. While all three reactions contained the
same primer targeting IIR, each reaction contained a different primer targeting VL at sites 1371 bp, 1651 bp, and 1768 bp from the
start of the telomere repeats for primers VL3, VL29, and VL31, respectively.
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away from the telomere tracts of chromosomes II and V.
Three reactions amplified a fusion breakpoint for one
trt-1 strain, whose PCR product sizes were consistent
with the amplification of the same fusion breakpoint
(Figure 4B). Sequencing of those PCR products re-
vealed a fusion breakpoint that contained deletions of
2229 and 112 bp at IIR and VL, respectively, and dis-
played no microhomology (Table 3). The lack of
microhomology indicates that this fusion event proba-
bly arose as a consequence of canonical NHEJ, in agree-
ment with the two breakpoints from genetically isolated
fusions derived from trt-1 strains with wild-type lig-4
(ypT2 and ypT28). Thus, we recovered a single auto-
some–autosome fusion event from genomic DNA of 28
strains that each harbored multiple end-to-end fusions.
Taken together, analysis of genetically isolated end-
to-end fusions whose breakpoints were precisely map-
ped, as well as PCR-based analysis of non-outcrossed,
unmapped fusions of mid- to late-generation telomere
replication mutant strains, revealed that end-to-end
fusions typically do not occur as a consequence of simple
end joining. Under our conditions, the maximum size of
the PCR products that could be amplified from C. elegans
genomic DNA was 11 kb. Thus, the remaining fusion
breakpoints may involve genome duplications .11 kb in
length. An alternative possibility is that all fusion break-
points occurred as a consequence of direct ligation of
uncapped chromosome ends, but that PCR failed at these
fusion breakpoints due to the presence of DNA sequen-
ces that are not amenable to PCR. To distinguish between
these possibilities, Southern blotting was performed.
Physical analysis of fusion breakpoints: By using
genetically isolated end-to-end fusions, large quantities
of DNA from many animals homozygous for a single
fusion event can be obtained, which allows for physical
analysis by Southern blotting. To examine the physical
structure of fusion breakpoints that were refractory to
PCR, genomic DNA isolated from fusion strains ypT21
and ypT27 was subjected to Southern analysis using
probes designed to hybridize to either side of their
mapped fusion breakpoints. The genomic DNA for each
strain was digested with restriction enzymes to produce
restriction fragments of various sizes at each fusion
breakpoint. If the fusion events occurred as a conse-
quence of direct ligation, then flanking probes targeting
both fused chromosome ends ought to detect a single
fusion breakpoint restriction fragment. Alternatively,
detection of restriction fragments of different sizes
would indicate that an insertion containing additional
restriction sites had occurred at the fusion breakpoint.
For strain ypT27, which carries a XR–VL fusion, probes
targeting XR and VL hybridized to different restriction
fragments: AvaII, 1.7-kb and 3.2-kb fragments, respec-
tively; HindIII, 1.3-kb and 5.2-kb fragments, respectively;
and PflMI, 2.9-kb and 2.4-kb fragments, respectively
(Figure 5, A and B). For ypT21, an XR–IVR fusion,
genomic DNA digested with HpaII, the XR and IVR
probes hybridized to 2.4-kb and 3.5-kb fragments, re-
spectively (Figure 5, D–F). For ypT21 digested with PmlI,
the results were ambiguous because the XR probe
hybridized to multiple fragments and showed the same
pattern as wild type. Nevertheless, the HpaII data clearly
support the conclusion that there is an insertion con-
taining additional restriction sites at the fusion break-
point of ypT21. The probes used to analyze the fusion
breakpoints for ypT27 or ypT21 detected the predicted
restriction fragments of wild-type genomic DNA, con-
firming that the probes were targeting the correct
restriction fragments (Figure 5). Thus, physical analysis
supports the interpretation that fusion breakpoints that
are refractory to PCR do not occur as a consequence of
direct ligation, but instead represent complex DNA
repair events that result in duplication of one or more
segments of the genome at a fusion breakpoint.
DISCUSSION
In this study, we have demonstrated that disruption of
C. elegans Ku does not affect telomere length or cause
spontaneous telomere uncapping and end-to-end chro-
mosome fusion, phenotypes that have been observed in
other systems, but are either controversial within a
species or not conserved (Figure 1 and data not shown).
Furthermore, in a telomerase-deficient background, dis-
ruption of Ku did not increase the rate of telomere
shortening or cause a synthetic lethal or accelerated
senescence phenotype (Figure 1). The severe effects of
Ku deficiency in yeast or plant telomerase mutants
contrast sharply with the lack of such effects in C. elegans
or mice, suggesting that the role of Ku at telomeres in
multicellular animals has been significantly altered,
possibly in the context of functional redundancy
(Boulton and Jackson 1996a,b; Baumann and Cech
2000; Riha et al. 2002; Carter et al. 2007).
Here, we have established that C. elegans telomere
replication mutants can accumulate end-to-end fusions
in the absence of DNA ligase IV. Our findings are in
strong agreement with studies that show DNA ligase IV is
not required for end-to-end fusion of critically short-
ened telomeres in telomerase mutants in Saccharomyces
cerevisiae, Schizosaccharomyces pombe, Arabidopsis thaliana,
or mice (Baumann and Cech 2000; Hackett et al. 2001;
Heacock et al. 2004; Maser et al. 2007). In contrast, end-
to-end fusion of uncapped telomeres of normal length
in S. cerevisiae, S. pombe, Kluyveromyces lactis, and mice
depends on DNA ligase IV (Ferreira and Cooper 2001;
Smogorzewska et al. 2002; Mieczkowski et al. 2003;
Pardo and Marcand 2005; Carter et al. 2007). Thus,
processing and fusion of acutely uncapped long telo-
meres can rely on a specific DNA repair pathway
(canonical NHEJ), whereas fusion of telomeres that
shorten progressively in the absence of telomerase may
be a more promiscuous process that can occur via several
DNA repair pathways (Riha et al. 2006).
750 M. R. Lowden et al.
Molecular analyses of dysfunctional telomeres in
yeast, plants, worms, mice, and humans have revealed
that end-to-end fusion can be mediated by direct
ligation of uncapped telomeres (Hackett et al. 2001;
Hemann et al. 2001; Mieczkowski et al. 2003; Heacock
et al. 2004; Cheung et al. 2006; Capper et al. 2007).
However, the frequency of directly ligated fusion break-
points could not be determined in these studies, which
would miss (1) direct fusion events that involve exten-
sive terminal deletion or (2) complex fusion break-
points with insertions of large segments of DNA. The
holocentric chromosomes of C. elegans result in stable
end-to-end fusions where an unbiased collection of
initial fusion events can be outcrossed and recovered
for quantitative analysis in a manner that is not possible
in most model systems. We found that direct fusion
events at critically shortened telomeres occur infre-
quently (Figure 2A and Table 3). In a parallel approach
resembling PCR-based experiments conducted in
other systems, PCR primers at 11 of 12 chromosome
ends failed to reveal significant levels of direct end-to-
end fusions in genomic DNA from 28 strains harboring
end-to-end fusions. Thus, independent approaches
indicate that direct ligation does not explain the
majority of DNA repair events at critically shortened
telomeres.
Figure 5.—The physical structure of two fusion breakpoints that were refractory to PCR, as investigated by Southern analysis. Wild-
type and mutant DNA digests using the indicated enzymes are shown. ypT27 fusion breakpoint was probed with (A) XR and (B) VL
subtelomeric probes. For wild type, the signals agreed with the predicted sizes and appearances: .1.4 kb, .1.3 kb, and .1.0 kb (XR)
and 4.3 kb, 4.5 kb, and .7.2 kb (VL) for AvaII, HindIII, or PflMI, respectively. The smeary signals associated with terminal restriction
fragments (containing telomeric DNA) are delimited by a bracket to the left of a given lane. (C) The restriction fragments predicted
to be detected by each probe for wild type and ypT27 are shown. ypT21 was probed with (D) XR and (E) IVR subtelomeric probes.
Signals for wild type agreed with predictions: .1.6 kb and .1.7 kb (XR) or .3.2 kb and .3.1 kb (IVR) for HpaII and PmlI, respec-
tively. (F) The restriction fragments predicted to be detected by each probe for wild type and ypT21 are shown.
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Although other molecular studies have not measured
the frequency of direct fusions, some were able to detect
a greater absolute number of direct fusions than we have
observed. One possible explanation for this discrepancy
is that some studies in monocentric organisms have
relied on Southern analysis to detect fusion PCR pro-
ducts (Heacock et al. 2004; Capper et al. 2007) or have
cloned and sequenced the products of entire PCR
reactions (Heacock et al. 2004; Cheung et al. 2006) to
recover direct fusions that may not have been apparent
on gels stained with ethidium bromide (Figure 4A). In
addition, direct fusion events may be more frequent in
specific cell types (e.g., somatic cells) or organisms, and
we might have missed cell-type specific fusions using our
PCR-based approach, which was designed to detect
stable fusions that were transmitted via germ cells prior
to preparation of genomic template DNA for PCR. In
this context, HR is the primary DSB repair pathway in C.
elegans germ cells, whereas NHEJ is a major DSB repair
pathway in noncycling somatic cells (Clejan et al. 2006).
Nevertheless, we were able to recover some NHEJ-
mediated direct fusion breakpoints, consistent with in-
dependent reports that NHEJ-mediated DSB repair can
occur in C. elegans germ cells (Morton et al. 2006; Robert
and Bessereau 2007). We speculate that developmental
regulation of DNA repair pathways may modulate end-
to-end fusion during tumorigenesis in mammals.
How do the majority of end-to-end chromosome
fusions arise? Southern analysis of genetically isolated
end-to-end fusions revealed that probes flanking fusion
breakpoints that were refractory to PCR detected re-
striction fragments of different sizes, whereas a single
fusion breakpoint restriction fragment would have been
detected for a direct ligation event (Figure 5). Thus,
many initial fusion breakpoints that arise when telomer-
ase is deficient may contain insertions of large segments
of genomic DNA. In human cells, end-to-end chromo-
some fusion results in dicentric chromosomes that often
break during anaphase and subsequently form new
fusions, which impedes analysis of their fusion break-
points (Bailey and Murnane 2006). Either these initial
fusion events or the ensuing genomic instability associ-
ated with breakage–fusion–bridge cycles (McClintock
1941) may promote tumorigenesis (Murnane and
Sabatier 2004). Our results suggest that a significant
fraction of end-to-end chromosome fusion breakpoints
that arise when telomerase is deficient may represent
complex recombination events.
Studies in other systems are consistent with our
observations. Molecular and genetic analyses of telomer-
ase-deficient yeast mutants have revealed that dysfunc-
tional telomeres can copy large segments of DNA from
an intact chromosome end via break-induced replica-
tion (Hackett et al. 2001). End-to-end fusion and
recombination between sister chromatids occurs at
dysfunctional telomeres in mammalian cells and can
generate duplications at chromosome ends, as shown in
cytological studies (Bailey and Murnane 2006). Fur-
thermore, a complex fusion breakpoint involving a
small duplication of one chromosome end was recov-
ered by PCR in the context of telomerase deficiency in
A. thaliana, an observation that agrees with cytogenetic
measurements that revealed fusion of homologous
chromosomes or sister chromatids (Siroky et al. 2003;
Heacock et al. 2004). Sister chromatid recombination
events have also been observed in C. elegans using
template genomic DNA from trt-1 mutants and a PCR
primer that targets a single chromosome end (Cheung
et al. 2006). Together, the latter observations suggest that
alternatives to direct end-to-end fusion exist. Thus, the
low frequency of direct fusion events observed for end-
to-end chromosome fusions genetically isolated from C.
elegans, as well as in genomic DNA from late-generation
telomerase mutants, may be broadly relevant.
We conclude that the majority of end-to-end fusions
that occur as a consequence of telomere erosion may be
fundamentally different in nature from the direct fusion
events that can be detected by PCR-based analysis of
heterogeneous mixtures of genomic DNA harboring
end-to-end fusions.
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